Flickering lights that are detected by the blue cones of the human visual system fuse to yield a steady sensation at much lower rates of flicker than do lights that are detected by the red or green cones. Yet, although bluecone-detected lights flickering at 30-40 Hz appear to be steady, they are still able to interact with red-or green-cone-detected flickering lights to produce clearly detectable beats in the form of an amplitude modulation of the red-or green-cone flicker. Thus the blue cones produce a viable high-frequency flicker signal, as do the red and green cones, but one that is normally lost before it reaches sensation. The temporal-frequency response for the blue-cone beat interaction is similar in shape to the temporal-frequency response for directly detected red-or green-cone flicker. When measured through the same pathway (which we identify as the luminance pathway, since it is able to transmit high-frequency flicker), the response of the blue cones seems to be as fast as that of the other cones.
INTRODUCTION
When our vision is restricted to signals from the bluesensitive cones, it is strikingly impoverished: we are limited not only in how much detail we can perceive" 2 but also in our ability to resolve rapid changes in intensity (i.e., flicker). The highest frequency to which flicker can be resolved is much lower for blue-cone-detected flicker than for red-or green-cone-detected flicker: upper limits of between 18 and 28 Hz have been reported for blue-cone flicker, 5 whereas red-and green-cone flicker can be resolved up to >50 Hz under comparable conditions.
The temporal deficit of blue-cone-mediated vision could arise in the blue-cone photoreceptors themselves or in the postreceptoral pathways through which their signals travel. Under most conditions, blue-cone signals seem to be confined to the sluggish visual pathways with low-pass temporal-frequency responses that carry chromatic or color information and seem to have little or no access to the faster pathways that carry luminance or intensity information, ' 6 which suggests that the deficit may arise postreceptorally.' 7 " 8 Recent evidence, however, indicates that the blue cones make a weak contribution to the faster, luminance pathway when intense long-wavelength light renders the other cones insensitive 5 " 9 ' 2 0 (see also Ref. 21) . This blue-cone luminance input is characterized by a bandpass temporal-frequency response that extends to nearly 30 Hz, 5 22 the ability to flicker-photometrically cancel flicker generated in the green or red cones, 5 and the ability to provide information regarding the direction of the motion of moving gratings, 20 all of which distinguish the blue-cone luminance input from the blue-cone chromatic input (see Refs. 5, 20 , and 23 for further experiments and discussion). By measuring the signals of the blue cones and those of the red and green cones through a common pathway, the luminance pathway, it should be possible to compare directly the temporal properties of the three cone types.
Here we also take advantage of a flicker interaction between the blue cones and the other cones, which is observed as a beat phenomenon, to follow the temporal response of the blue cones to 40 Hz. The beat phenomenon is illustrated in Fig. 1 . At sufficiently high stimulus intensities, red-or green-cone-detected 40.5-Hz flicker is clearly visible (top panels), but blue-cone-detected 40-Hz flicker is not: by itself, it appears completely steady (bottom panels). Even though the 40-Hz blue-cone flicker cannot be resolved, it can interact with the 40.5-Hz red-or green-cone flicker to produce a visible beat at the difference frequency of 0.5 Hz (middle panel). As illustrated in Fig. 1 , the beat is perceived as a waxing and waning of the flicker amplitude once every 2 s. For this beat to be seen at all, a 40-Hz blue-cone signal must be present at the early stages of the visual system. Significantly, the beat is seen as an amplitude modulation of the red-or green-cone flicker signal at the low, difference frequency, not as a lowfrequency color or luminance change superimposed on a constant amount of 40.5-Hz flicker. This suggests that the beat is produced by flicker cancellation and reinforcement within the pathway that transmits the 40.5-Hz redor green-cone-detected flicker.
In the experiments reported below, we measured the temporal-frequency response of the blue-cone beat interaction with red or green cones and also the conventional temporal-frequency response of each cone type for the direct detection of flicker. We found that, under comparable conditions, the frequency responses of the three cone types are very similar (see also Ref. 5 , Fig. 9 ).
METHODS

Apparatus
The optical apparatus was a conventional five-channel, Maxwellian-view system with a 2-mm entrance pupil. The light source was a 900-W xenon arc lamp. The sizes of the test and field stimuli were defined by circular field stops. Test and field wavelengths were selected with interference filters (Ealing) placed in the first collimated part of each beam. Infrared radiation was minimized by heat-absorbing glass (Oriel). The radiance of each beam could be varied by using fixed neutral-density filters (Inconel) or, under computer control, by using circular, variable neutral-density wedges (Inconel) mounted on stepping motors (Oriental Motor). Sinusoidal modulation was produced by pulse-width modulating fast, liquid-crystal light shutters (Displaytech) around a carrier frequency of 400 Hz. Each shutter had rise and fall times of <50 ,us. The contrast of the shutter in the primary test channel measured in situ was 70:1 at 410 nm, 140:1 at 440 nm, 230:1 at 470 nm, and >300:1 at 500 nm (and also at the longer target wavelengths that we used). The variability in contrast with wavelength has a minimal effect on the modulation depth produced by pulse-width modulation. The optical waveforms were monitored periodically by a Pin-10 photodiode (United Detector Technology) and an oscilloscope. The observer's head was stabilized by a dental wax impression rigidly mounted on adjustable cross slides that were taken from a milling machine.
Stimuli
To produce flicker that can be seen by only the blue cones, we took advantage of the fact that each cone type is most sensitive in a different region of the visible spectrum. We produced three circular fields of light on the subject's retina. The largest, an intense, steady orange background field {617 nm, of 6-deg visual angle in diameter, producing 10116 quanta s deg-2 [5. 08 logio photopic trolands (ph. Td)] at the cornea}, was included to reduce the sensitivities of the red and green cones, so that a small flickering violet test field superimposed on it (440 nm, 4 deg in diameter, 10 9 3 quanta s-' deg-2 ) was detected by only the blue cones. A second small, orange flickering field (609 nm, 4 deg in diameter, 10"-' quanta s-' deg-2 ) was detected by the longer-wavelength cones but not by the blue cones. In AS, who is color normal, the 609-nm target would have been detected by his green and/or red cones, whereas in SJL, who is protanomalous (see below), the target would have been detected by his green and/or protanomalous red cones. The observers fixated the center of the fields.
Procedures
Each subject light adapted to the fields for at least 3 min before any data collection. Three types of measurement were made:
Flicker detection. To determine the temporal characteristics for directly detected blue-cone flicker, we varied the temporal frequency of the flickering blue-conedetected test light and measured the time-averaged fraction of the blue-cone light that must be flickered (the blue-cone modulation) for the flicker to be just detectable. The method of adjustment was used. Similar measurements were also made for red-and green-cone-detected flicker (see below).
Beat detection. To determine the temporal characteristics of the blue-cone contribution to the beat interaction illustrated in Fig. 1 , we covaried the temporal frequency of the flickering components, keeping them 0.5 Hz apart in frequency and fixing the modulation of the red-or greencone flicker so that it was just above detection threshold (in fact, 0.2 logl 0 unit above threshold), and measured the blue-cone modulation for the beat to be just detectable. Again, the method of adjustment was used.
Phase measurements. To determine the phase difference between the blue-cone-detected flicker and the redor green-cone-detected flicker, we used a variation of the beat procedure in which the two flickering components were always of the same frequency. To produce a temporal variation of the flicker that was similar in appearance to the beat phenomenon, both components were amplitude modulated at 0.5 Hz. The subject's task was to adjust the phase difference between the blue-cone and the red-or green-cone flickering components to minimize the subjective flicker. The adjustment (away from the two components being physically out of phase) is then an estimate of the relative phase difference introduced by the visual system before the site(s) of flicker cancellation. In the experiment the subject was also able to vary the modulation of each component, and, by pressing a button, he could flip the relative phase of the two stimuli by 180 deg. Thus, at any point during the trial, the subject could compare the phase at which the flicker appeared least to an opposite phase at which the flicker appeared maximal. This helped to ensure that the minimum flicker setting was not erroneously obtained by adjusting the modulations of both components below threshold.
Except where noted, the data points are averaged from settings made on at least four separate runs.
Calibration
The relative spectral radiant power distributions of all light source and spectral filter combinations were measured in situ by using a calibrated EG&G spectro-radiometer that had itself been calibrated against a reference mercury lamp and a reference light source. Measurements of the radiant fluxes of test and background fields were performed by using an EG&G radiometer/photometer that had been cross-calibrated with a silicon photodiode (United Detector Technology) that was independently calibrated (by Optronics, Inc.) with a precision of 2% traceable to the National Bureau of Standards. The radiances are given below in quanta s 'deg-2 ; those for flickering lights are time-averaged radiances. Neutral-density filters, fixed and variable, were calibrated in situ for all test and field wavelengths used.
Equivalent Quantum Catches
We also compared the temporal-frequency response of the blue cones with the frequency responses of the other cones that were obtained under similar conditions of photoreceptor adaptation. Thus we chose test lights that give rise to similar quantal catches in the red or green cones as the 440-nm test light of the main experiment does in the blue cones. For SJL we used a single 4-deg-diameter, 609-nm target, which would be detected by his anomalous cones and by his green cones. For AS, we used a single 4-deg-diameter, 668-nm target, which would be detected mainly, but not exclusively, by his red cones. Relative to the 440-nm target, the intense 617-nm background in the main experiment produced only a weak blue-cone stimulus [ Since we also wanted to present the same spatial configuration to each cone type, the background was absent for the red-and green-cone temporal-sensitivity measurements. We calculated the relative quantum catches that were produced by the 440-nm target in the blue cones, the 609-nm target in the green cones (SJL), and the 668-nm target in the red cones (AS) by using the standard lens density estimate at 440 nm [ quanta s-1 deg 2 440-nm target of the main experiment give rise to similar quantum catches (per cone) in the red, green, and blue cones, respectively. We should emphasize that these equivalence calculations are at best approximate. For example, individual differences in prereceptoral filter density between subjects, or differences in quantum efficiency or cone-aperture size between cones, could lead to sizable differences in the actual quantum catches. The calculations for SJL were for his green cones. Assuming standard estimates of the Amax of normal and anomalous cones, 26 the quantum catch in his anomalous cones should be no more than two times that in his green cones. For reasons discussed below, the redcone temporal-frequency response for AS was actually measured by using a 668-nm target of 101096 quanta s-' deg 2 . This target is approximately seven times more effective in stimulating the red cones than the standard 440-nm target is in stimulating the blue cones.
Subjects
Two of the authors served as the observers in these experiments (AS and SJL). AS is emmetropic, and SJL is slightly myopic. SJL wore colorless correction lenses during the experiment. Both subjects are male. Color vision was tested by Rayleigh matches, the FarnsworthMunsell 100-hue test, and Ishihara plates. AS is trichromatic, and SJL is protanomalous. Both observers were fully informed about the general nature and possible consequences of the experiments, which posed no risk.
RESULTS
In the first experiment we measured the temporalfrequency response for the blue-cone beat interaction with the red or green cones. The results are shown in Fig. 2 as open circles for SJL (left panels) and AS (right panels), where they are plotted as modulation sensitivities, i.e., as the reciprocal of the threshold modulations of the bluecone-detected light that was required for beat detection. For comparison we also measured the blue-cone modulation sensitivities for directly detected flicker. Shown as filled circles in Fig. 2 , these are comparable with results obtained under similar conditions by Stockman et al. In that paper we were able to show that this frequency response represents the envelope of the frequency responses of two S-cone pathways: (1) at low frequencies below -5 Hz, a sluggish pathway with a low-pass temporalfrequency response that produces a chromatic percept; and (2) at higher frequencies, a faster pathway with a bandpass-frequency response that produces an achromatic percept that depends on a (vector) sum of signals from all three cone types (see Ref. 5) . A similar distinction between a chromatic and a luminance S-cone pathway was made by Lee and Stromeyer 20 on the basis of motion experiments.
Conventional blue-cone flicker, then, can be detected directly up to only -30 Hz (Fig. 2, filled circles) . The sensitivity for detecting the interaction between blue-cone flicker and red-or green-cone flicker (Fig. 2, open circles) is approximately five times that for detecting blue-cone flicker itself. This improvement in sensitivity allows the blue-cone temporal response to be measured to 40 Hz.
In the lower panels of Fig. 2 the blue-cone modulation sensitivities for flicker detection (filled circles) have been shifted upward to coincide with the sensitivities for beat detection (open circles). Actual shifts of 0.80 and 0.65 logl 6 unit were required for SJL and AS, respectively. At 10 Hz and higher, where the conventional temporalfrequency response is determined by the faster, blue-cone luminance pathway, 5 the shapes of the two functions are quite similar, which suggests that a common pathway, the luminance pathway, underlies both flicker and beat detection. The improvement in blue-cone sensitivity produced by the luminance-flicker interaction between the blue cones and the red or green cones is likely to be specific to the blue-cone luminance signal. Thus the discrepancy between the two functions at 5 Hz may arise because the direct detection of low-frequency flicker is mediated by low-pass chromatic pathways (see Ref. 5 ), whereas the detection of the beat depends on the bandpass luminance pathway. Alternatively, the shortfall in the beat sensitivity may exist because 5 Hz is too close to the beat frequency. Figure 3 shows the phase difference between the bluecone-detected flicker and the red-or green-cone-detected flicker for SJL (left) and AS (right). Using the method described above, we were also able to measure the phase difference up to 40 Hz. Consistent with other results obtained by using flicker cancellation or moving grat-5,20,23,27-de ings,' ' ' the phase difference tends toward -180 deg as the frequency tends toward 0 Hz. This suggests that the S-cone input to luminance is actually inverted in sign. The large phase differences, coupled with the sign inversion, result in the blue-cone and red-or green-conedetected flicker's being synergistic near 26 Hz for both SJL and AS. If the phase differences shown in Fig. 3 were caused by an extra delay in the transmission of bluecone signals, the delay would be -19 ms.
The beat sensitivity and phase measurements shown in Figs. 2 and 3 were made on an intense orange field to desensitize the red and green cones and thus ensure that the subthreshold violet flicker was detected by only the blue cones (see Fig. 5 below) . As a result, the red and green cones are substantially more light adapted than the blue cones: in fact, the total time-averaged quantum catch in the blue cones is -500 times less than that in the red cones and more than 100 times less than that in the green cones (see Equivalent Quantum Catches in the Methods section). Thus at least some of the large phase delay (relative to -180 deg) seen in Fig. 3 is likely to be due to the fact that the blue cones (and any pathways whose sensitivity is determined primarily by the blue-cone signal) are less light adapted and therefore more sluggish than the other cones. Indeed, the temporal-frequency response for detecting the 609-nm flicker on the intense 617-nm field of the main experiment (not shown) is shallower than the blue-cone temporal-frequency response (shown in Fig. 2 ) by a factor of 0.25 (AS) or 0.4 (SJL) log 0 unit by 40 Hz. To compare the temporal-frequency response of the blue cones with those of the green (SJL) or red (AS) cones under similar conditions of adaptation, we chose test lights that give rise to similar quantal catches in each of the cone types. To present the same spatial configuration to each cone type, we omitted the background field (see Methods). The results are shown in The initial results for AS showed evidence of a bimodality that was consistent with chromatic flicker detection at low temporal frequencies-a conjecture that was supported by the finding that the same function measured under identical conditions in a deuteranomalous observer (DIAM) was unimodal.
To avoid this problem, we measured the temporal-frequency response for AS at a slightly higher intensity, at which the low-frequency chromatic lobe is no longer evident. The results in Fig. 4 demonstrate quite clearly that under comparable conditions of adaptation the blue-cone (open circles), red-cone (squares, AS) and green-cone (squares, SJL) temporal-frequency responses are very similar in shape. This is true even though the target used for AS is 7 times more effective in stimulating the red cones than is the standard 440-nm target in stimulating the blue cones (see above). Our experiments depend crucially on the assumption that the 440-nm subthreshold flicker is detected solely by the blue cones. To check that this was indeed the case, we repeated the beat experiment shown in Fig. 2 by using targets of 410, 470, and 500 nm that were equated in their effects on the blue cones to the standard 440-nm target used in the main experiment. To equate the targets for the blue cones, we measured the blue-cone spectral sensitivity of our two subjects by finding the amplitudes of single, 410-, 440-, 470-, or 500-nm, 4-deg-diameter, targets, sinusoidally flickering at 2, 5, and 10 Hz (SJL) or 2 and 5 Hz (AS), at which the flicker was just at threshold.
As before, the targets were presented on the intense orange 617-nm background. Since the blue cones are
DISCUSSION
The similarity between the blue-and red-or green-cone temporal-frequency responses (Fig. 4) and, further, the fact that the blue-and red-or green-cone signals can interact to produce beats imply that the signals are being transmitted through a common pathway. If the pathways for blue-cone and other cone signals were different, the mutual cancellation implicit in the beat phenomenon would not be possible. Since this common pathway can transmit 40.5-Hz flicker, we identify it as the brisk, luminance pathway (see also below). Through this pathway the blue cones are as fast as the other cones. This suggests that the temporal deficit that is normally associated with bluecone-mediated vision is postreceptoral in origin.
We do not have phase data for blue-, green-, and redcone-detected flicker under equivalent conditions of adaptation, since blue-cone isolation cannot be ensured at the lower levels of red-and green-cone adaptation that were used to obtain the data shown in Fig. 4 . It is tempting to conclude that the phase differences in Fig. 3 , which (relative to -180 deg) are consistent with a latency difference of 19 ms, can be entirely attributed to the large differences in adaptation level between the blue cones and the red and green cones under the conditions of Fig. 3 . Since the quantum catch in the green cones was -100 times that in the blue cones (see above), the change in latency with adaptation level would have to be of the order of 10 ms per decade change in intensity for the blue-and green-cone signals to be in phase (or actually out of phase, since the blue-cone signal is inverted in sign) at comparable adaptation levels. And indeed, changes in latency with adaptation of that order have been reported in the literature (for example, Refs. 28 and 29). Although the phase differences in Fig. 3 are consistent with a simple latency difference, since they are nearly linear with frequency, they could also be consistent with a change in persistence (e.g., resulting from adaptational changes in the time constants of a series of linear temporal filters with cutoff frequencies somewhat higher than 40 Hz). Some change in persistence is suggested by the fact that red-or green-cone temporal-frequency responses measured on the intense orange background (not shown) are shallower than those obtained under the equivalent quantum catch conditions of Fig. 4 .
The opposition of the blue-cone signal to the red-and green-cone signals indicated by the phase differences in Fig. 3 might be taken to suggest that we are dealing here not with the luminance pathway but with a yellow-blue chromatic pathway. Yet, two properties of the highfrequency blue-cone signal argue against such an interpretation. First, flicker that is detected by the faster blue-cone pathway produces an achromatic percept that can be flicker photometrically canceled by red-or greencone flicker; it does not produce, as might be expected of a yellow-blue chromatic pathway, a chromatic percept. Second, the temporal-frequency response of the highfrequency blue-cone signal extends to 40 Hz with no more loss of sensitivity than the red-or green-cone signal (see Fig. 4 ), well beyond the temporal-frequency response of any psychophysically defined chromatic pathway (see, e.g., Refs. 11 and 30). Without some fundamental change in the operational definitions of the luminance and chromatic pathways, it must be concluded that the high-frequency blue-cone signal, although somewhat atypical, is a luminance signal.
The improvement in sensitivity that is provided by the beat method is consistent with a model in which the combined luminance flicker signal remains undetectable until it exceeds a relatively high threshold level. Alone, the weak blue-cone flicker signal is unable to exceed threshold, but, combined with the slightly mistuned, justsuprathreshold red-or green-cone flicker, it produces beats-small, discriminable variations in the amplitude of the weak flicker signal (Fig. 1) . The beats themselves are not the result of nonlinear demodulation but may be generated by a purely linear combination of signals from the different types of cones. The threshold nonlinearity must be invoked only to account for the ability of a subthreshold stimulus to produce visible beats. The threshold nonlinearity is not specific to the blue-cone luminance signal; it is also revealed in experiments in which subthreshold redor green-cone flicker is combined with slightly mistuned suprathreshold red-or green-cone flicker.1 9 To conclude, we have demonstrated that the temporalfrequency response of the human blue cones is comparable with that of the red or green cones. Our findings thus concur with physiological recordings from isolated primate photoreceptors, which suggests that the light-induced 
